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Abstract

Testing of composite sandwich joint elements has leempleted
to verify the strength capacity of joints designed to carry specified
running loads representative of a high speedil transport wing.
Static tension testing at both room and an elevated temperature of
35C°F and fatigue testing at room temperatuneere conducted to
determine strength capacity, fatigue life, and failure mode&itatic
tension test results yielded failure loads above the design loads for the
room temperature tests, confirming the ability of the jaioncepts
tested to carry their design loads. However, strength reductions as
large as 30% were observed at the elevated test temperature, where all
failure loadswere below the room temperatudesign loads for the
specific joint designs tested. Fatigue testing resulted in lotan
predicted fatigue lives.

Introduction

Polymer matrix composite (PMC) bolted sandwich joints have been designed to tramsferg
axial tension loads between wing panels at specific lea€ls aspart of the High Speed Research
(HSR) Program. A single-row bolted sandwich joirdsdesignedwith the objective oftransferring
5000 Ib/in. and a multi-row bolted sandwich jointas designed to transfer 20,000 Ib/in. The
objective of the tension testingas toverify the failure mode and loalkkvels achievable from the
joint designs. Also, tension testing at ¥5@vasperformed toevaluate the joinperformances at the
elevated operating temperature representative of the Mach 2.4 cruise condilbncomposite
facesheets were fabricated using the IM7/PETI-5 composite material system (Ref 1). The single-row
specimens were constructed with 25-ptyddminate facesheets, a 0.5 inch thick titanimameycomb
core, and a single row of thre@,375 inch diametefasteners, spaced 2. inches apart. The multi-row
specimens had 44-ply’ @ominatefacesheets, a one inch thick titanilraneycombcore, andthree
rows of fastenerwith three fasteners per row. The inner row of fasteneese 0.4375 inch in
diameter, the center row fastenevsre 0.375 inch in diameter, and the outew fastenerswere
0.3175 inch in diameter, and all fasteners were spaced 2.25 inches apart.

The multi-row bolted sandwich joint specimensre tested in two splice joirdonfigurations. A
composite honeycombsandwich was joined with a similar composite honeycomb sandwich
configuration (PMC to PMC joint), andwas also joined with a Titanium joint component
manufactured using the 4-sheet superplastically-formdiffusion-bonded process (SPF/DB)
developed by McDonnell Douglas Corporation. The latter joint specimen is designated as the PMC
to SPF/DB joint. A sketch of the PMC to PMC jorinfiguration is displayed in Figures 13 and a
sketch of the PMC toSPF/DB joint configuration is displayed in Figure 14. Bo#pecimen
configurations were joined in a double shear deswgh titanium splice plates. Thperformance of
the PMC joint could then be evaluated for two splice joint applications.

The test objectives also include verifying the fatigue strength of the multi-row bdiad
specimens. A summary of the number of composite sandwich joint specimens for eacmndésbn



is presented in Table 1.

Table 1. Composite Joint Test Specimens

Multi-row Joint
Test Conditions Single-row Joint PMC to PMC PMC to SPF/DB
Room temperature 1 1 1
Static tension
35C°F Static tension 2 1 1
Room temperature 0 1 1
Fatigue (R=-0.1)

All testing was conducted in the Thermal Structures Lab at NASA Langley Research Center. The
composite test specimengere designed and fabricated at Northrop-Grumman Corporation. The
SPF/DB specimen component was designed and fabricated at McDonnell Douglas Corporation.

Single-row Joint

The single-row joint test specimens were fabricated to be 6.0 inches wide andwerackesigned
to transfer 30,000 lbs applied tensile load across the joint. Three single-row joint spewiatens
tested to failure in tension. Specimerwastested at room temperature and Specimen 2 aner8
tested at 35.

The room temperature specimavas tension tested using hydraulic grips in a 220 kest
machine. A photograph of the specimen mounted in the test machine is shown in Figurel@éadThe
was applied to the end grip tabs of the joint specinterough the hydraulic grips using @rip
pressure of 550(si. The testachinewasset in strokecontrol and a displacement rate 0f01
in/min was used to apply the load to the joint specimen. The applied load versus ram displacement is
plotted in Figure 2. The first indication of initial damag&s observed at 31 kips, where a 10%
reduction in the loadvasrecorded and a cracking noises heard. Subsequently, loading of the
joint continued until an ultimate load of 40 kipgas obtained. At the ultimate load, a 10 kip
reduction in the loadvasobserved, and the tesasstopped. Since the first load reductiamasless
than 20%, whichwas considered in thigest to indicate ultimate failure, the load of 40 kips was
considered the ultimate failure load. The measured back-to-back strains from strain gauges, SG3 and
SG4, located at the center of the specimen, are plotted in Figure 3 with the applied loddcaliba
of SG2, SG4and SG6 can be observed in Figure 1, wHe@l, SG3,and SG5 correspond to the
same locations on the opposite facesheet, respectively. The strains measured from SG1 and SG2 are
plotted in Figure 4 with the applied load. At the ultimate failure load of 40 kipsgxamum strain
of 2530 din./in. wasmeasured at SG4 in the center of the specimen and a minimum stra@¥ 4f
Min./in. wasmeasured at SG2. Examination of the specimen after testing to failure sheaddg
damage at all three bolt hole locations in the composite sandwich specimen. A photodreating
the bearing damage is given in Figure 5. Later inspection of the specimen also reveatdiched
area of delamination in the composite laminate, in the neck down region to the grip end.



The elevated temperature specimens were modified to &lowa pinned connection tmtroduce
the load and use of an existing oven in the 110 tkgt machine. A one inch diameter hole was
drilled in the center on the composite grip end tab and a 1.25 inch diametexdsalglled in the
metallic grip end tab to allow for the pin connections on each specimen. The oven enclosed both the
specimen and fixturing as shown in Figure 6. Prior to heating the specimen ovahgcoupon
samples of the fiberglass material that was bonded to the composite grip endwatetkin an oven
to 350F. The fiberglass is used to protect the composite from damage when hydraulic grigedre
and there were concerns that the fiberglass material might buhis aesttemperature. No material
changeswere observed when the fiberglassuponswere heated nor when the joint specimenih
the fiberglass tab®onded to the composite materiakere heated. Eight thermocouplewere
mounted on the composite specimen, four on each facesheet. The speuiertenseated to
approximately 350 while the tesimachine maintained a load of approximately 208 on the
specimens. Temperature variations were minimal and all temperature measumamgeds between
348F and 35% on the specimen throughout the duration of the test. When the desimpdratures
were reached, thepecimenwas loaded using a displacement rate of 0.01 in/min. Tbad-
displacement diagram and strain measurements are given in Figures 7-9 for Specimen 2 and Figures
10-12 for Specimen 3. Of the two specimens tested aF35Specimen 2 failed at an ultimate load of
26 kips and Specimen 3 failed at 24 kips. Unlike the room temperature speeisteah, the elevated
temperaturetestsreached an ultimate failure load without any prior load reductions. The ultimate
strain measurements ranged from 1¢dri./in. at the center gauge SG4 to 13b64./in. at gauge SG1
for Specimen 2 and from 1560n./in. at the center gauge SG3 to 1288./in. at SG6 forSpecimen
3. Also, unlike the room temperatureest where all three bolt hole locations displayeearing
damage, both elevated temperature specimens showed significant bearing damage ontgraethe
and one side bolt hole with almost no visible bearing damage at the third bolt hole locatioon- A
uniform distribution of the load between fasteners would partially attribute to the stremgtbtion
for the elevated temperature test specimens.

A summary of the singleow joint test results is presented in Table Rith an increase intest
temperature from room to 3%9 a 37% decrease in the specimen strength capaeityobserved.
All single-row joint specimens tested failed in a bearing mode.

Table 2. Single-row Joint Tension Testing Summary

Joint Test Temperaturéi) Failure Load Failure Mode
Specimen (kips)
1 70 40 Bearing
2 350 26 Bearing
3 350 24 Bearing

Multi-row Joint

The multi-row splice joint test specimens were fabricated to be 5.55 incheisltin 29.55 inches
in length, andwere designed to transfer 111 kips of applied tensile loading. TRME to PMC
specimens and three PMC to SPF/DB specimens were fabricated where two of each configaration



to be tested in static tension and the remaining two were to be tested in fatigue. A sketch of a PMC to
PMC joint specimen and a sketch of a PMC to SPF/DB specimen, including strain gauge locations, are
given in Figures 13 and 14, respectively. As can be observed in the figures, both gmmpgnents

were tapered down under the outer splice plate to provide a smooth aerodynamic Isetfsezn the

splice plate and joiningcomponents. On the inner (spaide, the PMC to PMGpecimen was
designed with a flat inner splice plate and the PMC to SPF/DB specimen had a tapered Tiragetion
splice plate. The tapering splice plate desigasincluded to provide a more uniform fastedead
distribution. A photograph of the two specimens is shown in Figure 15 wherevaewofouter wing

surface side) of a PMC to PMC specimen anosiom view (wing spar side) of a PMC t8PF/DB
specimen are shown.

The PMC to PMC specimensere instrumentedwith 22 back-to-backstrain gauges as shown in
Figure 13. On each side, five gauges were located across the center of the splice plates amethree
located on each composite sandwich about 1.5 inches from the edge of the splice plate. The PMC to
SPF/DB specimens had a total of 17 strain gauges as shown in Figure 14. On the outelagplice
five gaugeswerelocated across the center as on the PMC to PMC specimen. hhoketo-back
gauges were located on the PMC sandwich about 2 inches from the edge of the splice plate. On the
SPF/DB component, four gauges were located on the outer surface and two on the inner surface. The
two back-to-back gaugeserelocated 0.4 inch from the edge of the splice plate and the other two
gauges on the outer surface were located about 2.5 inches from the splice plate.

Static Tension Testing

All four static tensiontests wereconducted using thesame fixtures for connecting thiest
specimen to the 220 kipestmachine. A photograph of one tiie PMC toSPF/DB specimens
mounted in thetest machine is shown in Figure 16. The specimen fixtunese designed and
fabricated at NASA Langley Research Centefwo steel plates are attached on each end of the
specimen by five steel 0.5 inch diameter bolts. The steel plates are also attached tofikigireest
through a pin connection on each end as pointed out in Figure 16. Back-to-back horkzofgal
edge supports are used to prevent out-of-plane displacement along the centerline ofspecitesn
while it is being loaded in tension. Without this constraint, there would be signifmarbf-plane
motion under tensile loads due to eccentricities in the specimemsasvealed by a finiteelement
analysis of the test specimén.

The room temperaturgests wereconductedwith the testmachine set on strokecontrol with an
applied displacement rate of 0.04 in./min. The applied load and displacement were maturongd
testing and testing continued until ultimate failure occurred, which is defined here as a 20% decrease
in the applied load. The load-displacement graph for the PMC to PMC joint specimen tastechat
temperature is shown in Figure 17. As can be observed in the figure, the load continued to increase
until ultimate failure at 137 kips applied load. A gradual decrease in the slope near failure indicates
plastic behavior prior to ultimate failure. Ultimate failure appeared to be a consequesiteachg

! Finite element analysis was performed by Young Kwon at Lockheed Georgia.



off of the fastener head. A photograph of the failed specimen is given in Figure 18. During loading,
an audible “crack” was identified at 61 kips and splice pberding induced by fasteneending
became visible at20 kips applied load. Examination of the failed specimen after removing the
splice plates showed significant bearing damage in the composite sandwich. Back-to-back strains
measured at the center of the specimen splice plates are shown in Figure 19. The back-to-back strain
gauges SG17 and SG18 were at the center and SG13 andwe@22losest to thedge as indicated

in Figure 13. The maximum strain measured at failvas 14,174 pin./in. at SG17 in thecenter.
However,the strain measured at SGWassuspiciously higher than thgurrounding strain gauges,

raising the issue that SG17 may be defective. The next largest strain next tav&&8B71 pin./in.
measured by SG15 where SG19 on the other side of SG17 med&@8#8diin./in. Back-to-back

strains measured on the composite are shown in Figure 20. The minimum strain measdr2d’

pin./in. by SG6 on the composite. The load-displacement graph fdPNie to SPF/DBspecimen

tested at room temperature is shown in Figure 21 apdotograph ofthe failed specimen is shown

in Figure 22. An ultimate load of 123 kips was observed and the ultimate failure appeared to be due
to a tension failure of the inner splice plate along the outer row of fasteners. Bending of both splice
plates was apparent in the failed specimen as can be observed in Figure 22. Examinatidailefithe
specimen after removing the splice plates revealed no visible sigpasing damage in theMC to

SPF/DB specimen. During loading, at 70 kips an audittack’ washeard and awith the PMC to

PMC specimen, outer splice plabending was also observed at 92 kips applied loadlleasured

strains are plotted as a function of applied load in Fig@®25. Figure 23shows themeasured

strains on the center of the upper splice plate (SG3 was at the center and SG1 and SG5ouéee the
most strain gauges as can be seen in the sketch in Figure 14). Figsinev&®lstraingneasured on

the SPF/DB component and Figure 25 shows strains measured on the PMC saadugoment. At
approximately 70 kips applied load, the load where the audible “crack” was heard, Figreeedls

an almost instantaneous drop in the strains on one PMC facesheetasittesponding instantaneous
increase in the strains on tlopposing facesheet. The cause fois behavior is uncertain, but it

could possibly be attributed to a very localized failure of the inner PMC facesheet which caused the
outer facesheet to accept a localized instantaneous increase in load and consequently strain. As also
revealed in Figure 25, the subsequent instantaneous strain increase in the inner facesheet at
approximately 114 kips is also uncertain, but it may be due to another localized failure resulting in
instantaneous redistribution of the load.

For the elevated temperaturests, aThermatron heatewasused to blow hot aithrough aduct
and into an oven thawasbuilt to enclose the specimen. The oven box alevith a specimen
mounted in thetest fixture can be seen in Figure 16. The specinvegre heatedwhile the test
machine maintained a preset load of approximately Ib80 Sixback-to-back thermocouplesere
located on the specimen and monitored during heating until a nearly uniform temperaturéFof 350
was reached. Once acceptable temperatwese achievedioad wasapplied to the specimens at the
displacement rate of 0.04 in./min. During the application of the load to the specimens, the
temperatures ranged from 3&2to 352F on the PMC to PMC joint specimen afrdm 344F to
35CF on the SPF/DB to PMC joint specimen. The load-displacement diagram f&MWM8eto PMC
specimen tested at 3%0is given in Figure 26. After an ultimate load of 110 kigssachieved, a
25% increase in the displacement was observed as the load stighplyed. The specimemasthen
considered failed and the applied loagsremoved. Examination of the specimen after testing
revealed a slight bending in thsplice platesapparently due to fastener bendingremoval of the
splice plates showed significant bearing damage in the composite sandwich as can be viggetkein



27. The load-displacement diagram for the PMC to SPF/DB joint specimen testedrais3§i0en in
Figure 28. An ultimate load of 105 kipgasachieved before the inner splice plaeperienced a
tension failure at the outer row of fasteners as shown in Figure 29. afpearance of théiled
specimen was very similar to the room temperature specimen which also experienced afadnsgon
of the inner splice plate. After removal of the splice plabeamination of the specimen tested at
350°F showed severe bearing damage in the composite sandwich.

A summary of all the multi-row jointest specimen failure loads is given in Table 3. One can
conclude that theMC to PMC joint has a slightly greater, 10%rabm temperature and 5% at
350F, strength capacity than the PMC $&F/DBjoint. A strength reduction of approximately 15-
20% can also be expected for each specimen type at the elevated operating temperatlife of 350

Table 3. Multi-row Joint Static Test Specimen Failure Loads

Failure Load (kips)
Test
Temperature PMC to PMC PMC to SPF/DB
(°F)
70 137 123
350 110 105

Fatigue Testing

The fatigue tests wereconducted in thesame 220 kiptest machine as thestatic tests. A
photograph of the PMC to PMC joint specimerounted in thegestmachine is shown in Figure 30.
The fixture connecting the specimen to the test machine is shown in the figure. It consistexk-of
to-back steel splice platesonnected to anothesteel end fitting in a multifastenearrangement on
each end of the specimen. This differs from #tatic test fixture where a piconnection was
utilized. A 50 ft-Ib torque was applied to each fastener used in the fixture to prevent slipping at the
fixture connection.

The testmachinewasset in loadcontrol to cycle between 33,800 Ib in tension &W&b60 Ib in
compression. Thisvasequivalent to an R = -0.2, where R is the ratiomohimum applied load to
maximum applied loadyith the peak load set afpproximately 30% of the maximustaticdesign
load. The majority of the cyclingvasconducted at onélz, which wasthe maximum cycling rate
capability of the tesiachine. At approximately every 500cles, the tesiachine cycling was
slowed to 0.01 Hz for five cycles to record test data at twice a second.



Both joint specimens tested failed in the same maudilh, a transverserack in the upper splice
plate occurring across the inner row of fasteners. The PMC to PMC joint specimen datureed
at approximately 42,00@ycles and the PMC t&PF/DB joint specimen failed aapproximately
31,560 cycles. The splice plate crasks onthe PMC side of the joint of the PMC t8PF/DB
specimen. During testing of the PMC to PMC specimen, out-of-plane bending of the toppkgikce
was observed where the outer edges were observed to curve oufranvathe joint. Therewvasalso
an audible “crackling” sound present throughout the duration of the test. Load delacement
data are plotted in Figure 31. Shown is the load versus displacement tedudata thefirst five
cycles that were recorded and the last five cycles that were recorded prior to failure. At failure, which
occurred at approximately 42,0@¥cles, achange in slope in the load-displacement real tpte
was observed with a progressively decreasing slope for several cycles prior to stopp#gj. thead
versus displacement test data for the PMGRI/DBjoint specimen is shown in Figure 320nce
again, the load and displacement test data during the first set of five cyclesms$inatorded and the
last set of five cycles thatasrecorded prior to failure is displayed. During testing of BMC to
SPF/DBjoint specimen, the doubler thatasadhesively bonded on the bottoside of theSPF/DB
component at the location of the taper on the top side of the component, became disbonded from the
specimen and fell off the specimenagiproximately 15,000 cyclesOverall out-of-plane bending
motion of the specimen was also mgnenounced during cyclinghan that observedith the PMC
to PMC joint specimen. The lower fatigue life for the PMCSBF/DB joint specimen might be
attributable to the increased bending motion. Unfortunately, both fategieresulted infatigue
lives much shorter than the 100,000 cycles predicted for the joint. Removal of the splicafates
testing revealed no visible damage to the joint components in either fatigue specimen. A summary of
fatigue test results are shown in Table 4.

Table 4. Multi-row Joint Fatigue Test Summary

PMC to PMC PMC to SPF/DB
Fatigue Life, N 42,335 31,568
First 5 Cycles Recorded 1541-1545 1-5
Last 5 Cycles Recorded 41541-41545 30001-30005

Concluding Remarks

Composite sandwich splice joint element testing to verify the strength and fatigue life of the
specimen designs has been completed. Both single-row composite honeycomb sandwmshltand
row composite honeycomb sandwich splice joint specimens were tested at both room temperature and
an elevated operating temperature of 850

For the single-row joint specimens tested, tbem temperaturdest failure loadexceeded the
design ultimate load, however, the elevated temperaturerésstited in failure loads below theom
temperature design load All specimens failed in @earing modewith an approximately 30%
reduction in strength capacity at the elevated operating temperature’6f 350



Similarly with the multi-row compositehoneycomb sandwich splice joints tested statically, the
room temperatureest failure loadexceeded the design ultimate load, and the elevatepetature
test failure loadsvere slightly lowerthan the room temperature design load. ForRNE to PMC
joint specimens tested, thieom temperature ultimate failure modeas due to fastener heashear
off. At the elevatedest temperature, a 20%duction in the strength capacity and a change in the
failure mode due to bearing damagasobserved. However,bearing damagevasobserved inboth
specimens tested. For the PMC to SPF/DB splice joint telst#ll, the room and elevated tperature
tests exhibited the same ultimate failure mode where an inner splice plate tensionoiiumed at
the outer row of fasteners. A 15Béduction in strengtlwasobserved for the elevated tperature
test. Although there was no bearing damage observed for the room temperature specimen, significant
bearing damage was present in the elevated temperature PMC to SPF/DB test specimen.

Fatigue testing at a maximunensile load of 33.8 kipsvith an R=-0.2 of the multi-rowjoint
specimens resulted in a fatigue life of 42,000 cycles forRNEC to PMC joint specimen and a
fatigue life of 31,500 cycles for the PMC to SPF/DB joint specimen tested. Both specimens failed due
to a tension crack at the inner row of fasteners on the outer splice plate. The listgaehieved
for these tests were lower than the predicted fatigue life of 100,000 cycles.

References

1. Hou, T.H.; Jensen, D.J.; and Hergenrother, P.M.: Processing and Properties of IM7/PETI compmsites.
of Composite Materials, Vol. 30, Issue 1, January 1996, p.109-12.



Figure 1. Single-row joint specimen mounted in test machine using hydraulic grips for the room
temperature test.
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Figure 2. Load versus displacement for the room temperature single-row joint test.
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Figure 3. Back-to-back measured strains at the center of the room temperature joint specimen.
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Figure 4. Measured strains from strain gauges SG1 and SG2 of the room temperature joint
specimen.
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Bearing damage

Figure 5. Single-row joint Specimen 1 after testing to failure.
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Figure 6. Single-row joint specimen mounted in test machine for elevated temperature testing.
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Figure 7. Load versus displacement for Specimen 2 tested &t 350
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Figure 8. Back-to-back measured strains at the center of Specimen 2 testéH.at 350
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Figure 10. Load versus displacement for Specimen 3 tested®&t 350
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Figure 11. Back-to-back measured strains at the center of Specimen 3 testéid.at 350
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Figure 12. Measured strains from strain gauges SG1 and SG6 on Specimen 3 tested at 350
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Figure 13. Schematic drawing of PMC to PMC multi-row joint specimen including strain gauge
locations.
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Figure 14. Schematic drawing of PMC to SPF/DB multi-row joint specimen including strain
gauge locations.
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Figure 15. Multi-row joint test specimens.
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Figure 17. Load versus displacement of the PMC to PMC joint specimen tested at room
temperature.

Figure 18. Failed PMC to PMC joint specimen tested at room temperature.
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Figure 19. Strains measured at the center of the splice plate for the PMC to PMC joint specimen
tested at room temperature.
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Figure 20. Strains measured on the composite sandwich for the PMC to PMC specimen tested at
room temperature.
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Figure 21. Load versus displacement for the PMC to SPF/DB joint specimen tested at room
temperature.

Figure 22. Failed PMC to SPF/DB specimen tested at room temperature.
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Figure 23. Strains measured at center of top splice plate for the PMC to SPF/DB joint specimen
tested at room temperature.
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Figure 24. Strains measured on the SPF/DB component for the PMC to SPF/DB joint specimen
tested at room temperature.
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Figure 25. Strains measured on the PMC sandwich component for the PMC to SPF/DB joint
specimen tested at room temperature.
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Figure 26. Load versus displacement for the PMC to PMC joint specimen testetFat 350

Figure 27. PMC to PMC joint specimen after testing atBa@d having the splice plates removed
for examination of the composite sandwich components.

25



120000

100000 |-

80000 |-

Load, Ibs

60000 -

40000 [~

20000 -

0 1 1 1 1 I
0.0 0.1 0.2 03 0.4 05

Displacement, in.

Figure 28. Load versus displacement for the PMC to SPF/DB joint specimen testefrat 350

Figure 29. Failed PMC to SPF/DB joint specimen tested &350
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Figure 30. PMC to PMC joint specimen mounted in test machine for fatigue testing.
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Figure 31. Load versus displacement test data for the PMC to PMC joint specimen tested under

cyclic loading.
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Figure 32. Load versus displacement test data for the PMC to SPF/DB joint specimen tested under
cyclic loads.
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